Abstract Objective: The objective of this study was to evaluate the usefulness of T2 high signal intensity (T2-HSI) and decreased anteroposterior diameter (APD), diffusion tensor imaging (DTI) and neurite orientation dispersion and density imaging (NODDI) in evaluating postoperative cervical cord function. Methods: The study included 57 postoperative cervical spondylotic myelopathy patients. Clinical evaluation and functional recovery assessments were performed using the modified Japanese Orthopaedic Association (mJOA) score and recovery rate. The presence of T2-HSI and decreased APD was recorded for exploring the relevance. Spearman correlation was applied to investigate the relationships between DTI and NODDI metrics and mJOA score. Multiple comparisons of T2 signal intensity, APD and diffusion metrics were evaluated by using multiple linear regression. Results: Only the recovery rate was significantly different between T2-HSI and non-T2-HSI (nT2-HSI) patients (c 2 Z 4.466, p Z 0.045). Significant differences were not observed between cervical cords with and without decreased APD. Diffusion metrics, including fractional anisotropy (p Z 0.0005), mean diffusivity (p Z 0.0008), radial diffusivity (p Z 0.0003) and intracellular volume fraction (p Z 0.001), were significantly correlated with mJOA score. The ability of T2 signal intensity (p Z 0.421) and APD (p Z 0.420) to evaluate the postoperative function was inferior to that of fractional anisotropy (p Z 0.002), mean diffusivity (p Z 0.001), radial diffusivity (p Z 0.001) and intracellular volume fraction (p Z 0.004). Conclusion: Conventional magnetic resonance imaging signs could be considered as a reference to make an approximate assessment, whereas DTI and NODDI could be better quantitative tools for evaluating the postoperative function and may help in interpreting residual symptoms. The translational potential of this article: DTI and NODDI could provide reliable postoperative evaluation and analysis for cervical spondylotic myelopathy patients.
Introduction
Cervical spondylotic myelopathy (CSM) is currently a common disease that causes serious nervous lesions. Its low-risk and optimal therapeutic method is posterior cervical laminoplasty that enlarges the spinal canal [1, 2] . In clinical practice, some patients show symptoms even after surgery, and their clinical symptoms are inconsistent with conventional magnetic resonance imaging (MRI) signs, including high signal intensity in T2-weighted image or decreased anteroposterior diameter (APD) of the cervical cord, which are often considered to indicate severe myelopathic lesions. However, not all postoperative patients with poor outcomes have such signs. Furthermore, these signs could appear in well-recovered patients. It is troublesome for physicians to convey the interpretations to their patients. Therefore, the usefulness of conventional MRI signs in such circumstances should be evaluated.
The principle of diffusion tensor imaging (DTI) is the measurement of the dispersive anisotropy of water molecules in intravital tissues [3, 4] . It can reveal the pathological microstructure of the spinal cord indirectly through a diffusive change in water molecules [5] . Several previous studies have confirmed that DTI is more sensitive than conventional MRI and is capable of identifying lesions of the cervical cord in preoperative CSM patients and thus has diagnostic significance [6e10]. To our knowledge, DTI is rarely used in postoperative studies of CSM patients. However, we believe that DTI is a potential technique to evaluate the postoperative function of the cervical cord.
Neurite orientation dispersion and density imaging (NODDI) was developed from diffusion-weighted MRI. According to the three-compartment model, including intracellular, extracellular and cerebrospinal fluid (CSF) compartments, NODDI can reveal specific morphological features of neurites, which could account for changes in diffusive anisotropy [11] , including neurite orientation distribution [orientation dispersion index (ODI)], neurite density [intracellular volume fraction (Vic)] and fraction of free water [isotropic volume fraction (Viso)]. Although NODDI was originally developed for brain-related applications [12, 13] , it is considered as a valuable imaging technique for spinal cord diseases [14] , for example, multiple sclerosis in the cervical cord [15] . Therefore, this technique may be helpful for providing specific information to patients with poor postoperative outcomes.
The purpose of this study was to verify the efficacy of postoperative signs on conventional MRI and to provide evidence for DTI being a potential evaluation technique for the postoperative function of the cervical cord and NODDI being a potential technique for providing reasoning for residual myelopathic symptoms.
Materials and methods

Patients
The institutional review board of research ethics approved all study procedures. This study enrolled 59 CSM patients with multiple-level cervical stenosis. All patients preoperatively underwent conventional MRI to exclude other spinal diseases (trauma, tumour, infection, cervical spondylotic radiculopathy and so on) and posterior cervical laminoplasty for treatment. The material used to close the enlarged spinal canal or disconnected vertebral plate was biosynthetic bone extracted from coral, which helps avoid the metal susceptibility artifact [16] . All patients provided informed consent. The follow-up MR scan, including conventional MRI, DTI and NODDI, was performed between 12 and 14 months after surgery. Two patients were excluded because of motion artifact. The remaining 57 patients were recruited (14 women and 43 men; mean age, 58.7 years; age range, 36e74 years). The follow-up conventional MRI showed that the multiple-level stenosis of the cervical cord could be almost completely relieved and that there was no new compression away from the surgery site.
Clinical evaluation
For each patient, the standardised modified Japanese Orthopaedic Association (mJOA) score was obtained by senior spinal surgeons (X.H. and N.L., both with 10 years of experience) as clinical functional evaluation before surgery and at follow-up. The mJOA scoring system comprised motor and sensory functions of the upper and lower extremities, trunk and bladder; this system is most frequently used for assessing CSM patients. The Hirabayashi method was used for assessing the function recovery rate after treatment [6, 17] . This method is also widely accepted. Recovery rate Z [(postoperative mJOA score À preoperative mJOA score)/ (17 À preoperative mJOA score)] Â 100%. A rate of !50% indicates a good outcome and that of <50% indicates a poor outcome. Considering an mJOA threshold of 15 for differentiating mild and moderate impairment [9] , patients were divided into the following two groups according to the follow-up mJOA score: good-score group (mJOA, 15e17) and fair-score group (mJOA, <15). This grouping could be regarded as mJOA score gradation.
Image acquisition
Conventional MRI, DTI and NODDI were performed using a 3.0-T Ingenia MRI scanner (Philips, Best, The Netherlands) with a 16-channel head-neck coil. Each patient was placed in the supine position during scanning and was informed not to breathe or swallow hard.
Conventional MRI comprised T1-weighted and T2-weighted turbo spin echo sequences in the sagittal view and a T2*-weighted multi-echo fast-field echo sequence in the axial view. The sagittal imaging parameters were as follows: repetition time/echo time, 474/6.3 ms for T1 and 3000/100 ms for T2; field of view (FOV), 160 Â 250 mm DTI data were acquired using a multi-shot echo-planar (EPI) sequence in the axial view to limit susceptibility artifact and eliminate physiological motion artifact in image reconstruction by using phase correction. The DTI parameters were as follows: 15 diffusion directions with a b value of 800 s/mm 2 ; number of shots, 6; TR/TE, 4701/ 88 ms; FOV, 180 Â 180 mm 2 ; slice thickness, 4 mm; slice gap, 2 mm; phase-encoding direction, anterior to posterior; partial Fourier factor, 0.75; resolution, 1.0 Â 1.0 Â 4.0 mm 3 and resolution of reconstruction, 0.63 Â 0.63 Â 4.0 mm 3 . The DTI scan time was 6 min and 14 s. NODDI data were acquired by using a single-shot EPI sequence in the axial view. Considering the EPI rate of data acquisition, the effect of physiological motion artifact may be negligible. The NODDI parameters were as follows: 32 diffusion directions with b values of 1000 and 2000 s/mm 2 ; small FOV of 60 Â 160 mm 2 used to reduce image distortion; 2 saturation bands in both anterior and posterior sides applied to suppress the fold-over effect; TR/TE, 4500/77 ms; slice thickness, 4 mm; slice gap, 2 mm; phase-encoding direction, anterior to posterior; resolution, 1. 
Image postprocessing
Two radiologists (W.J. and A.H.Y.) with more than 5 years of experience participated in the image analysis. The most compressed level in the preoperative cervical cord was determined by the lowest compression ratio of the APD divided by the transverse diameter of the cervical cord [6] . The level of interest in the postoperative MRI was the same slice that was the most compressed level on preoperative MRI. According to the postoperative presentation of T2 high signal intensity (T2-HSI) at such levels, patients were divided into the following 2 groups: T2-HSI and non-T2-HSI (nT2-HSI) groups. It should be stated and emphasised that there was no T2 signal change in the other segments of the cervical cord in our patients. Additionally, the postoperative APD at the most compressed level and the proximal normal slice in the cranial direction (prestenotic slice) were measured. Regarding the ratio of the most compressed postoperative APD to the prestenotic APD (Figure 2 ), a value of 0.9 indicated decreased APD, whereas that of >0.9 indicated no decrease [37] . According to the value, patients were divided into the following 2 groups: decreased-APD (dAPD) and normal-APD (nAPD) groups. It should be noted that the change in the lefteright diameter of the cervical cord was not considered; therefore, decreased APD did not represent atrophy or volume loss in the cervical cord.
The DTI and NODDI data were first preprocessed using the motion correction function in the Spinal Cord Toolbox (version 3.0.3; NeuroPoly) to align images from different diffusion directions. The image quality was carefully checked. Then, DTI metrics [fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD)] were measured from adjusted data using FMRIB Software Library (FSL) (version 5.0; University of Oxford). Additionally, NODDI metrics (Vic, ODI and Viso) were acquired using the NODDI MATLAB Toolbox (version 0.9; University College London). The region of interest (ROI) was drawn manually in DTI-Studio (version 3.0.3; Johns Hopkins University) in axial MD image and to cover the entire cervical cord possibly at the most compressed level. Although there is a difference in the degree of anisotropy in the grey and white matter, one ROI to include the entire cervical cord was preferred for clinical application and reliable repeatability. To avoid partial volume effect from CSF contamination, ROIs were placed at least 1 voxel around the outline of the cervical cord. Because the compression was relieved by operation, it guaranteed sufficient number of voxels in ROIs for study. A sample ROI is shown in Figure 3 . To test the reproducibility of ROI measurement, 15 axial MD images from different patients (approximately 1/4 subjects in our study) were randomly extracted, and two radiologists drew their ROIs. One of the radiologists (A.H.Y.) drew these ROIs twice over 6 months. Intraclass correlation coefficients for interobserver and intraobserver variability were 0.988 and 0.993, respectively.
Statistical analysis
The follow-up mJOA score was compared between T2-HSI and nT2-HSI patients using the double-tailed independent sample t test. The statistical difference of the follow-up mJOA score between the dAPD and nAPD groups was also assessed using the same statistical method. The Chi-square test (Crosstab) was used for comparing the mJOA recovery rate between the T2-HSI and nT2-HSI groups and the dAPD and nAPD groups. Correlation analyses between DTI and NODDI metrics at the most compressed level and the followup mJOA score were performed by using Spearman rank correlation. Multiple comparisons of T2 signal intensity, APD and diffusion metrics in the correlation with follow-up mJOA score were evaluated by using multiple linear regression. The level of significance was set at p < 0.05. All data analyses were performed using SPSS software (version 17.0; IBM Corp).
Results
Forty patients (70%) showed T2-HSI. There was no statistically significant difference in the follow-up mJOA score between the T2-HSI and nT2-HSI groups (t Z À1.892, p Z 0.064) (Figure 4A ), whereas the mJOA recovery rate was significantly higher in the nT2-HSI group than in the T2-HSI group (c 2 Z 4.466, p Z 0.045) ( Table 1 ). According to mJOA gradation, 12 of 17 (71%) patients with nT2-HSI were included in the good-score group, whereas 24 of 40 (60%) patients with T2-HSI were included in the fair-score group (statistical contrast, c 2 Z 4.466, p Z 0.045, Table 2 ). Twenty-six patients (46%) had a cervical cord with decreased APD. Neither the follow-up mJOA score (t Z À0.374, p Z 0.710) ( Figure 4B ) nor the mJOA recovery rate (c 2 Z 0.888, p Z 0.429) ( Table 1 ) showed significant differences between the dAPD and nAPD groups. We found that 19 of 31 (61%) patients with a cervical cord showing normal APD were included in the good-score group, whereas 17 of 26 (65%) patients with a cervical cord showing decreased APD were included in the fair-score group, although the difference was not statistically significant (statistical contrast, c 2 Z 4.026, p Z 0.064, Table 2 Figure 5 .
Using multiple linear regression, we observed that there was no correlation between T2 signal intensity and APD and follow-up mJOA score (p Z 0.421 and p Z 0.420, respectively) compared with correlation between FA, MD, RD and Vic and follow-up mJOA score (p Z 0.002, p Z 0.001, p Z 0.001 and p Z 0.004, respectively). This particularly indicated that the ability of T2 signal intensity and APD to evaluate the postoperative function of the cervical cord was inferior to that of some DTI and NODDI metrics. The result of multiple linear regression is presented in Table 3 .
Discussion
Physicians often encounter the dilemma that the surgery outcomes are not always good in patients with severe Figure 2 Demonstration of the measurement of the anteroposterior diameter (APD) of the cervical cord at the proximal normal slice in the cranial direction (Slice 1) and the most compressed level (Slice 2). (A) Cervical cord with a relatively normal APD. The ratio of APD at Slice 2 to APD at Slice 1 is about 0.94. This patient is categorised into the normal-APD group (nAPD). (B) Cervical cord with a decreased APD. The ratio of APD at Slice 2 to APD at Slice 1 is about 0.68. This patient is categorised into the decreased-APD group (dAPD). T2W Z T2 weighted; T2*W Z T2* weighted. cervical stenosis and that postoperative MRI in patients with poor outcomes cannot provide the requisite reasoning in such conditions even in the absence of abnormalities concerning signal intensity and configuration of the cervical cord. The usefulness of postoperative signs on conventional MRI should be revaluated, and an alternative imaging technique to quantitatively reflect the postoperative function of the cervical cord should be developed. We hope that our study will be valuable for physicians and postoperative CSM patients.
In clinical experience and some previous studies, the presence of T2-HSI in the spinal cord was considered as a sign indicating poor outcome [18, 19] because it was presumed to indicate severe impairments, such as malacia and gliosis [20, 21] . However, the significance of its correlation with the severity of preoperative myelopathy and surgical prognosis is controversial [6, 9, 18, 22, 23] . Our result that postoperative T2-HSI does not necessarily represent postoperative cervical cord dysfunction agrees with the findings of the studies that disapprove a correlation between these two aspects [6, 9] . The reason underlying the inability of using T2-HSI for evaluating myelopathy might be the relatively low sensitivity and no quantification of conventional MRI with respect to microstructural lesions [7] . On the other hand, as mentioned previously, T2-HSI might represent different types of lesions [24, 25] . Thus, the influences of the different lesions may differ. However, we should be aware that the probability of a low postoperative mJOA score increases in the presence of T2-HSI. In addition, postoperative T2-HSI might indicate a relatively low rehabilitative efficacy. This is similar to Morio's results that high shrinkage in the T2-HSI area in the postoperative cervical cord is associated with a better recovery efficacy [22] . Therefore, T2-HSI has some clinical implications but is not sensitive and lacks the ability of quantitative assessment. Hence, a sensitive and quantitative imaging technique is needed.
Besides T2-HSI, the cervical cord with decreased APD is another common sign on postoperative conventional MRI. AD Z axial diffusivity; APD Z anteroposterior diameter; CSM Z cervical spondylotic myelopathy; DTI Z diffusion tensor imaging; FA Z fractional anisotropy; MD Z mean diffusivity; NODDI Z neurite orientation dispersion and density imaging; ODI Z orientation dispersion index; RD Z radial diffusivity; ROI Z region of interest; T2*WI Z T2*-weighted imaging; Vic Z intracellular volume fraction; Viso Z isotropic volume fraction.
After surgery relieves cervical canal stenosis, the morphology of the cervical cord is supposed to be restored. However, in clinical experience and our study, not all patients showed recovery to the original shape, possibly because atrophy or persistent deformation remains in the cervical cord. Although the proportion of decreased APD with a fair score was as high as that of normal APD with a good score, we could not find a statistically significant difference in the cervical cord function and recovery rate between decreased and comparatively normal APD cords. This finding was similar to the results of previous studies involving preoperative and postoperative patients [9, 26] . The reason underlying these findings may be the inability to distinguish between atrophy and deformation by only using APD. Therefore, decreased APD is a common but probably not a valuable sign on postoperative MRI. In our future work, we will use the cross-sectional area of the cervical cord to evaluate because the relationship between morphology and function has been determined using this evaluation technique in a previous study on preoperative patients [27] .
DTI is the optimal choice for exploring microstructural changes in the postoperative cervical cord for its sensitivity to diffusive changes in water molecules [28] . In the spinal cord, the axonal membrane and myelin sheath are membranous structures that restrict the free diffusion of water molecules [29] . When the spinal cord is compressed for canal stenosis, continuous ischaemia leads to demyelination of white matter and necrosis of neuronal cells, which indicate destruction of membranous barriers; consequently, the diffusion restriction can be reduced [30] . Many previous preoperative studies have confirmed that DTI metrics have a strong correlation with the clinical severity of CSM patients [6, 7, 9, 23] . Regarding postoperative cervical cord, although stenosis is relieved by surgery and oedema is improved, neuronal necrosis and axonal reduction could persist. Thus, diffusion restriction cannot restore, and functional disorders still exist. Our results indicate that DTI can reflect residual abnormality of the postoperative cervical cord quantitatively, and its evaluation efficiency is better than T2-HSI and decreased APD on conventional MRI. The relationship involved a positive correlation of FA [6, 7, 9, 23] and negative correlations of MD Figure 4 Bar plots of the mean value and standard deviation of follow-up mJOA scores in different groups. (A) Patients are divided by the T2 signal intensity (T2-SI). The difference between 2 groups is not statistically significant. (B) Patients are divided by the APD ratio of the cervical cord. The difference between 2 groups is not statistically significant. APD Z anteroposterior diameter; dAPD Z decreased-APD; mJOA Z modified Japanese Orthopaedic Association; nAPD Z normal-APD. Note: Except c 2 and p values, the numbers represent the number of people. APD Z anteroposterior diameter; dAPD Z decreased-APD; nAPD Z normal-APD; nT2-HSI Z non-T2 high signal intensity; T2-HSI Z T2 high signal intensity. Note: Except c 2 and p values, the numbers represent the number of people. APD Z anteroposterior diameter; dAPD Z decreased-APD; nAPD Z normal-APD; mJOA Z modified Japanese Orthopaedic Association; T2-HSI Z non-T2 high signal intensity; T2-HSI Z T2 high signal intensity. [31, 32] and RD [9] . It agreed with results of a postoperative study. We believe that DTI can help physicians reliably assess the postoperative cervical cord, especially when conventional MRI is inexplicable.
Although DTI provides a more sensitive survey of the cervical cord than conventional MRI, the survey of neurite morphology is still considered as rather macroscopical. Neurite orientation distribution and density are two main Figure 5 Scatter plots of the correlation between DTI and NODDI metrics at the most compressed level and follow-up mJOA scores. FA, MD, RD and Vic show correlation with the mJOA score. AD Z axial diffusivity; DTI Z diffusion tensor imaging; FA Z fractional anisotropy; MD Z mean diffusivity; mJOA Z modified Japanese Orthopaedic Association; NODDI Z neurite orientation dispersion and density imaging; ODI Z orientation dispersion index; RD Z radial diffusivity; Vic Z intracellular volume fraction; Viso Z isotropic volume fraction.
features that contribute to neurite morphology and dispersive anisotropy of water molecules [14] . By using biophysical model and orientation distribution, NODDI can specify microstructural abnormalities reflected by DTI. The intracellular compartment refers to the space in a neurite, based on which the neurite density can be acquired. The extracellular one represents glial cells and cell bodies in grey matter and is determined by the density and orientation dispersion of a neurite (Vic and ODI). The CSF one refers to free water or isotropic diffusive area (Viso) [11] . In our study, the neurite density in the postoperative cervical cord of CSM patients was correlated with the follow-up mJOA score. This indicated that neurite density might have an impact on the cervical cord function. However, no relationship with neurite orientation dispersion was observed. The reason for this may be that the cervical cord, especially white matter, is characterised by a highly coherent orientation [29] . Canal stenosis and compression could lead to disordered neurite orientation [33, 34] . However, when the compression is relieved by surgery, the disorder may be resolved. However, with regard to neurite density, the lesion caused by compression was much more irreversible. Necrotic neuron and lost neurite cannot regenerate, and thus, they cannot be rescued by surgery. Therefore, declined density rather than disordered orientation may be the reason for postoperative dysfunction and may be associated with residual symptoms. Another metric, Viso, was not correlated with the follow-up mJOA score either. The reason may be the interference caused by isotropic diffusion in the grey matter. However, above all, NODDI could provide the supplemental but specified information for physicians and postoperative CSM patients.
The present study has some limitations. First, because our participants were postoperative patients, the cervical cord restored its shape accordingly after relief of compression. The restoration may have caused shifting of the maximal compression level. Considering this, the slice thickness in our study was 4 mm and was guaranteed to cover a certain volume. Additionally, we did not think that the mean value of DTI or NODDI metrics from 2 or 3 adjacent slices was an optimal solution because it may weaken the relevance between metrics and functional scores. Second, the population of patients in our study comprised CSM patients with multiple-level cervical stenosis. However, we preferred the most compressed level as the slice of interest for the correlation between diffusion metrics at this level and mJOA score in preoperative research [6, 9, 23, 35] . Additionally, the optimal treatment for simplelevel stenosis is anterior cervical surgery. However, this procedure is associated with inevitable susceptibility artifact. Posterior cervical laminoplasty is associated with no such artifact but is ideal for multiple-level stenosis. Third, our ROI covered the entire cross section of the cervical cord. Because NODDI data were acquired with a single-shot EPI sequence to shorten the scan time and allow clinical application, the resolution was inadequate to distinguish grey matter from white matter. Additionally, the drawing method involving entire coverage has relatively reliable repeatability. Furthermore, most DTI studies on CSM in the last 5 years could not make the distinction, and the results were not affected greatly [6, 23, 35, 36] . However, we will take this differentiation into account in our future work.
Conclusion
DTI may quantitatively evaluate the postoperative function of the cervical cord based on parameters such as FA, MD and RD. Additionally, NODDI parameters may help reveal the postoperative microstructure of the cervical cord, and they may have the potential to aid in the interpretation of residual symptoms. The signs revealed through conventional MRI, such as T2-HSI, are still considered as valuable references. We believe that DTI and NODDI have significance in clinical applications and are potential diagnostic techniques for and can offer reliable information to CSM patients and physicians in future. 
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